The anthracycline doxorubicin is an antineoplastic agent widely used in the treatment of breast, lung, ovarian, thyroid, and gastric cancers [@bib1]. Because it is amphoteric, doxorubicin is able to translocate into a variety of subcellular compartments, where it disrupts the integrity of intracellular deoxyribonucleic acid (DNA), proteins, and lipid molecules [@bib2]. These toxic insults are not restricted to cancer cells, and doxorubicin-associated cardiotoxicity is, in fact, a result of the damage it exerts on noncancerous cells, especially cardiomyocytes [@bib2]. Because doxorubicin is administered into the systemic circulation, the first cellular contact the drug makes is with the endothelium [@bib2]. Accordingly, doxorubicin therapy can first trigger detrimental changes to endothelial cells before it travels into other tissues such as the heart. This review will detail the importance of the endothelium in maintaining the health and function of cardiomyocytes and discuss how doxorubicin-mediated endothelial cell death and dysfunction contribute to the development and progression of cardiomyopathy.

Doxorubicin therapy is associated with both acute and chronic cardiotoxicity. Acute cardiotoxicity has an incidence of approximately 11% and typically manifests within days after doxorubicin treatment has been initiated [@bib3]. Acute cardiotoxicity is usually reversible and often presents as myopericarditis, cardiac dysrhythmias, and left ventricular (LV) dysfunction [@bib4], [@bib5]. Conversely, chronic cardiotoxicity, although significantly less prevalent than acute cardiotoxicity, is currently irreversible [@bib6], has an appreciably poorer prognosis [@bib7], and usually presents months or even years after treatment is completed [@bib8]. In the initial stages, chronic cardiotoxicity typically presents as LV dysfunction with progression to cardiomyopathy [@bib9], [@bib10]. Some patients with chronic cardiotoxicity can go on to develop heart failure, a severe condition associated with a 1-year mortality rate of 50% [@bib7]. In view of the severe implications of chronic cardiotoxicity, patients treated with doxorubicin should be longitudinally monitored for features that suggest the reduction of LV function and cardiomyopathy.

What Risk Factors Contribute to Doxorubicin-Mediated Cardiotoxicity? {#sec1}
====================================================================

A myriad of factors have been postulated to elevate the risk of doxorubicin-induced cardiomyopathy. Polymorphisms of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase or multidrug resistance protein (MRP) are clearly associated with doxorubicin-mediated heart disease [@bib11]. Membrane-bound NADPH oxidases represent a major generator of damaging reactive oxygen species (ROS) [@bib12]. Doxorubicin exposure induces NADPH oxidase to produce excessive amounts of ROS, which can, under prolonged duration, exhaust antioxidant defense mechanisms that culminate in cardiac myocyte apoptosis [@bib13]. Within the same system, cell surface MRPs such as MRP1 serve to protect cells from cytotoxic agents by actively transporting doxorubicin out of the intracellular space [@bib11]. Thus, individuals with increased or decreased expression or activity of NADPH oxidases or MRPs, respectively, will sustain greater cellular damage after doxorubicin therapy.

Patients with diabetes mellitus, liver disease, or a history of cardiovascular disease are at a greater risk of developing doxorubicin-induced cardiotoxicity [@bib14]. Several mechanisms have been proposed to explain how diabetes mellitus increases the risk of developing cardiomyopathy [@bib15]. One is via hyperglycemia-mediated activation of protein kinase C signaling, which can culminate in cardiac dysfunction through changes in protein kinase B (AKT)/endothelial nitric oxide synthase (NOS) signaling and caveolin-3 expression [@bib16]. Because the liver is a major site of doxorubicin clearance, any alteration in doxorubicin metabolism caused by liver disease or concurrent medications would be expected to result in elevated levels of doxorubicin and increased exposure to toxic concentrations of the drug [@bib17]. As such, previous use or coadministration of mediastinal radiation and other cardiotoxic antineoplastic agents with doxorubicin can increase the risk of adverse events [@bib18], [@bib19]. Finally, previous cardiac disease(s) can also predispose the heart to damage by doxorubicin exposure.

Other risk factors for doxorubicin-induced cardiotoxicity include sex- and age-related factors. The sex-related risk is complex, because prepubescent girls are more likely to develop complications than boys, whereas women are at lower risk for doxorubicin-mediated heart disease than age-matched men [@bib20], [@bib21]. Two opposing factors could account for these observations. Doxorubicin is amphoteric and distributes poorly into adipose tissue [@bib22]. Although women tend to have greater concentrations of doxorubicin in heart tissue because of proportionately higher body fat composition [@bib23], women also have higher circulating levels of the cardioprotective hormone estrogen [@bib24]. In general, therefore, patients \<4 years of age and those 65 years and older are more likely to develop cardiomyopathy after doxorubicin therapy [@bib14]. These observations can be attributed in part to the immature liver function in young children and declining liver activity among older adults, both of which slow doxorubicin clearance and prolong exposure to circulating doxorubicin [@bib25], [@bib26], [@bib27], [@bib28].

Of all the risk factors, the most significant is the cumulative dose of doxorubicin [@bib3]. Too low a doxorubicin dosage can lead to suboptimal efficacy against cancer, but a small uptitration can drastically elevate the risk of cardiotoxicity. Current evidence indicates that cardiomyopathy incidence rates are 4% at 500 to 550 mg/m^2^, 18% at 551 to 600 mg/m^2^, and 36% at \>600 mg/m^2^ (all cumulative doses) [@bib3]. Therefore, a safe and effective dose needs to be identified through careful titration for each patient based on risk factor profile. Personalized dosing would position patients with cancer at lower risk of developing cardiotoxicity with minimal compromise to treatment efficacy.

Detection and management of doxorubicin-induced cardiotoxicity: How can treatment strategies be improved? {#sec1.1}
---------------------------------------------------------------------------------------------------------

Early diagnosis is critical for preventing progression and improving recovery from doxorubicin-mediated heart damage. A variety of diagnostic tools are currently used to detect doxorubicin-mediated cardiomyopathy. The gold standard is endomyocardial biopsy, which will reveal vacuolization of the cytoplasm, loss of myofibrils, and enlargement of the sarcoplasm reticulum in cardiomyocytes if myopathy is present [@bib6], [@bib14]. However, this procedure requires intensive training and is invasive [@bib6]. Echocardiography and radionuclide ventriculography are more commonly used but often fail to detect early doxorubicin-induced cardiac damage [@bib14], [@bib29]. This is likely because a significant change in LV systolic function, which these techniques assess, does not occur until the heart has undergone substantial damage [@bib30]. Clearly, the technologies currently available for early detection of doxorubicin-induced cardiotoxicity have room for improvement.

To date, there is no definitive treatment indicated to prevent or reverse doxorubicin-induced chronic cardiotoxicity [@bib6]. Once chronic cardiomyopathy is established, the symptoms can be managed with heart failure medications such as β-blockers and angiotensin II inhibitors, none of which significantly improve the long-term prognosis [@bib6]. The strategy most commonly used to lessen doxorubicin-elicited cardiotoxicity is coadministration of the iron chelator dexrazoxane, which reduces the formation of iron-doxorubicin complexes and subsequent ROS generation [@bib2]. This treatment plan, however, also diminishes the efficacy of doxorubicin against tumor cells and therefore might not be the best therapeutic choice for patients who are being managed with a low dosage of doxorubicin [@bib2].

Doxorubicin-mediated cardiac damage has become more prevalent in recent years because cancer survival rates are increasing [@bib31]. This underscores the importance of identifying effective treatments for doxorubicin-mediated cardiotoxicity. More comprehensive understanding regarding the mechanism(s) underlying doxorubicin-induced cardiomyopathy is needed to improve the prevention and management of doxorubicin-mediated cardiotoxicity [@bib32].

Doxorubicin-Mediated Endothelial Cell Damage {#sec2}
============================================

The endothelial lining of coronary blood vessels forms a protective barrier [@bib33] for cardiomyocytes, permits the delivery of nourishment [@bib34], and releases paracrine factors [@bib35] to maintain cardiac myocyte health and function. Predictably, doxorubicin disrupts these beneficial endothelium-regulated processes by damaging endothelial cells, which leads to the development of severe chronic vascular diseases such as atherosclerosis [@bib36]. Indeed, children who receive doxorubicin therapy often develop severe vascular disease pathology as adults. Because the initial endothelial cell insult is likely asymptomatic, there is often a long delay between the termination of doxorubicin therapy and the onset of vascular disorders. However, with time, the declining health of the endothelium progressively renders endothelial cells more vulnerable to chronic inflammatory stressors and hyperlipidemia insults. In response to the concept that compromised endothelial cells can have a negative impact on cardiomyocyte health and function, there has been a strategic shift in research paradigm from how doxorubicin directly affects cardiomyocytes to how it alters endothelial cell health and function upstream of observed cardiomyopathy [@bib14], [@bib37].

Doxorubicin induces oxidative stress in endothelial cells {#sec2.1}
---------------------------------------------------------

Numerous studies imply a central role for increased ROS production in the mechanism of doxorubicin-mediated endothelial cell toxicity ([Central Illustration](#undfig2){ref-type="fig"}) [@bib38], [@bib39]. The mechanisms of ROS production and how ROS exerts damage are similar in endothelial cells and cardiomyocytes [@bib38]. In brief, doxorubicin is first converted to a semiquinone radical via receipt of a single electron through catalytic pathways involving mitochondrial nicotinamide adenine dinucleotide dehydrogenase, cytosolic xanthine oxidase, endoplasmic reticular cytochrome p450 NADPH-reductase, or NOS [@bib40], [@bib41], [@bib42]. The semiquinone anion then passes the electron to molecular oxygen, forming a superoxide radical [@bib41]. Under normal rates of superoxide production, superoxide dismutase will convert the radical to hydrogen peroxide, which is further detoxified by catalase and glutathione peroxidase [@bib43], [@bib44]. However, when doxorubicin-induced oxidative stress exceeds endothelial cell antioxidant capacity, toxic metabolites will begin to accumulate [@bib43]. The superoxide radical is also produced from the complex of doxorubicin and iron [@bib45]. Notably, the drug-iron complex converts hydrogen peroxide to hydroxyl radicals, which are a more damaging form of ROS [@bib45]. Doxorubicin can also increase intracellular iron concentrations through multiple pathways, including the release of iron from aconitase [@bib46] and ferritin [@bib47], the decrease of ferritin synthesis, and the increase of transferrin receptors on the plasma membrane [@bib48]. Finally, superoxide radicals have been observed to react with nitric oxide (NO) to form peroxynitrite, a reactive nitrogen species (RNS) [@bib49]. This highly cytotoxic compound can rapidly diffuse across phospholipid membranes and gain access to lipids, nucleic acids, and protein targets [@bib50]. Thus, by increasing oxidative and nitrosative stress, doxorubicin can progressively damage vital intracellular components of endothelial cells.Central IllustrationProposed Multifactorial Impact of Doxorubicin-Induced Endothelial Damage on Cardiomyocyte Health and FunctionThe endothelium-mediated cardiomyocyte supportive functions occur at the capillaries. Doxorubicin likely reduces tight junction formation by lowering the expression of zona occludens (ZO)-1, which can increase the levels of doxorubicin in cardiac tissues. Doxorubicin can decrease the levels of endothelium-derived neuregulin (NRG)-1 through an unknown mechanism and prostaglandin I~2~ (PGI~2~) via reactive oxygen species (ROS) generation. Doxorubicin is suggested to directly decrease the levels of nitric oxide (NO) in endothelial cells via enzymatic inhibition. There might also be an indirect decrease of NO through the reduction in endothelin (ET)-1 and elevation in ROS levels. Reactive nitrogen species (RNS) forms from the reaction between ROS and NO. RNS and ROS damage mitochondrial deoxyribonucleic acid (DNA). It is well established that doxorubicin induces mitochondrial DNA damage in an RNS/ROS-independent manner. The resulting mitochondrial dysfunction, along with a possible doxorubicin-mediated decrease in B-cell lymphoma (Bcl)-2, leads to apoptosis of the endothelial cells. The death of these cells can further reduce the availability of NO, ET-1, PGI~2~, and NRG-1 to the cardiomyocytes. The decline in NO, ET-1, PGI~2~, and NRG-1 release from endothelial cells and elevation in mesenchymal doxorubicin concentrations are postulated to increase the death and dysfunction of cardiac myocytes.

Oxidative stress leads to endothelial cell death {#sec2.2}
------------------------------------------------

Increased ROS and RNS production can induce cumulative damage toward mitochondrial DNA, proteins, and lipids, leading to severe metabolic dysfunction in endothelial cells [@bib51]. Subsequently, mitochondria release cytochrome C and activate proapoptotic factors such as caspases, central components of the apoptotic response [@bib51], [@bib52], [@bib53], [@bib54]. Doxorubicin has been reported to down-regulate B-cell lymphoma (Bcl)-2 protein expression. Bcl-2 is generally considered be an antiapoptotic member of the Bcl-2 homology domain-containing family of proteins that includes both proapoptotic and antiapoptotic members [@bib55], [@bib56]. Thus, doxorubicin-initiated oxidative and nitrosative stress induce mitochondrial damage, which can lead to endothelial cell loss via apoptosis. Antiapoptotic strategies relevant to endothelial cells might, therefore, reduce doxorubicin-mediated toxicity. For example, the active metabolite of zofenopril, an angiotensin-converting enzyme inhibitor, diminished doxorubicin-induced endothelial cell apoptosis by preventing the activation of p53 and caspase-3 [@bib57]. Additionally, prodrug zofenopril treatment was associated with decreased doxorubicin-mediated myocardial damage in rats [@bib58].

Doxorubicin induces direct DNA damage in endothelial cells {#sec2.3}
----------------------------------------------------------

In addition to oxidative and nitrosative stress, doxorubicin can directly damage DNA through DNA topoisomerase II inhibition and DNA intercalation, which are also well-established antitumor mechanisms of the drug [@bib39], [@bib59]. Topoisomerases are DNA-unwinding enzymes necessary for DNA repair, replication, and transcription because they alleviate torsional stress in the DNA [@bib60]. In general, topoisomerase enzymes bind and induce DNA breakage, allowing DNA to rotate before re-ligation [@bib61]. The beta isoenzyme of topoisomerase II is elevated in terminally differentiated cells, such as endothelial cells of the coronary microvessels [@bib62], [@bib63]. On the other hand, topoisomerase IIα is increased in dividing cells, such as cancer cells [@bib64]. Doxorubicin binds and stabilizes the cleavable complex of both topoisomerase IIα and β, which leads to unrepaired double-strand DNA breaks in both cancer and endothelial cells [@bib65]. Notably, pixantrone, an antineoplastic agent that is structurally related to doxorubicin, shows significantly less cardiotoxicity in mice because it has a greater affinity for the topoisomerase IIα relative to the IIβ isoform [@bib66]. Thus, the promiscuity of doxorubicin for both topoisomerase II isoforms results in off-target DNA damage in both cancer cells and the more slowly dividing endothelial cells.

Majzner et al. [@bib59] observed dose-dependent and preferential DNA binding of doxorubicin at CG-rich sequences. At high concentrations of doxorubicin, this phenomenon led to DNA aggregation, entangling, and breakages [@bib67]. These effects were absent at low concentrations of the drug [@bib67]. It has hence been suggested that therapeutic dosages of doxorubicin expose endothelial cells to high concentrations of the drug, which induces significant DNA damage [@bib68]. Thus, topoisomerase IIβ inhibition and direct DNA binding by doxorubicin are nonoxidative and non-nitrosative stress-dependent mechanisms that induce direct endothelial cell DNA damage and downstream apoptosis.

Disruption of the Endothelial Cell--Cardiomyocyte Signaling Axis {#sec3}
================================================================

Perfusion of the heart is mainly driven by the left and right coronary arteries. The larger branches of the coronary artery system generally run superficially in the epicardium and the arteriole branches penetrate perpendicularly to the myocardium. Because cardiac muscle is the most aerobic organ in the body, the vasculature is very rich in capillaries. Muscle to capillary ratio in the heart is approximately 1:1, which translates to a capillary density that is about 10-fold greater than that of skeletal muscle. The distance between a capillary endothelial cell and the closest cardiomyocyte is approximately 1 μm, which suggests close intimacy between the 2 cell types and their dependence on each other [@bib69]. Numerous studies have demonstrated that doxorubicin disrupts the supporting processes that endothelial cells provide for cardiac myocytes ([Central Illustration](#undfig2){ref-type="fig"}). The additive effects of doxorubicin-mediated ROS--dependent and direct endothelial cell death can therefore promote a decline in cardiomyocyte health and function over time as a consequence of the interdependence between the 2 cell types. Although doxorubicin-induced endothelial cell damage can occur in many tissues throughout the body, endothelial cell death within the heart results in greater damage to heart muscle than other tissues because of the unique structure of the coronary vasculature.

Doxorubicin perturbs endothelium barrier function {#sec3.1}
-------------------------------------------------

The relative impermeability of the cardiac endothelium, related to the presence of tight junctions, prevents the exposure of cardiomyocytes to harmful compounds [@bib33], [@bib70]. Circulating doxorubicin, however, can compromise the integrity of these tight junctions in the coronary microvasculature. Indeed, Wilkinson et al. [@bib71] found reduced expression of the tight junction protein zona occludens (ZO)-1 in doxorubicin-treated human cardiac microvascular endothelial cells, which was associated with increased microvascular permeability and longer exposure of the cardiomyocytes to doxorubicin. Cardiolipin, a mitochondrial phospholipid important for energy production, has a high affinity for doxorubicin [@bib72]. The dominant presence of cardiolipin in cardiomyocytes is why cardiomyocytes are particularly sensitive to doxorubicin toxicity [@bib73]. How doxorubicin decreases the expression of ZO-1 in the absence of endothelial cell apoptosis is unknown; however, endothelial cell loss can increase the permeability of the vasculature, and strategies to maintain vessel integrity could represent a novel therapeutic opportunity. Indeed, pretreatment of human cardiac microvascular endothelial cells with endothelium-acting, cholesterol-lowering simvastatin prevented doxorubicin-induced microvascular permeability because of increased localization of ZO-1 to the plasma membrane and subsequent tight junction formation [@bib74], [@bib75].

Doxorubicin disrupts endothelial cell paracrine signaling to cardiomyocytes {#sec3.2}
---------------------------------------------------------------------------

Cumulative data suggest that doxorubicin reduces the secretion of endothelial cell--derived paracrine molecules that act directly on cardiomyocytes to influence the survival, function, and adaptation of the myocardium to environmental stressors [@bib76]. The following sections of this review will specifically discuss how doxorubicin dysregulates endothelium-derived endothelin (ET)-1, NO, prostaglandin I~2~ (PGI~2~), and neuregulin (NRG)-1, all of which have been well characterized.

Endothelin-1 {#sec3.3}
------------

ET-1 is a 21-amino acid vasoconstrictive peptide that has a critical role in regulating the function, size, and survival of cardiomyocytes that are under stress [@bib77]. The binding of ET-1 to the G-coupled protein receptors ET~A~ and ET~B~ on the plasma membrane of cardiomyocytes activates G~q~ proteins [@bib78]. G~q~ activation increases sarcoplasmic reticulum calcium release, which can intensify the contractility of myocytes [@bib78], [@bib79]. An association between activation of cardiac ET~A~ and ET~B~ receptors and cardiac myocyte hypertrophy has been speculated [@bib80], [@bib81]. Zhao et al. [@bib82] demonstrated that ET-1 diminishes tissue necrosis factor--induced programmed death of cultured rat neonatal cardiomyocytes through up-regulation of nuclear factor-κB signaling. Doxorubicin was observed to reduce ET-1 mitochondrial ribonucleic acid and protein via an unknown mechanism in cultured human umbilical vein endothelial cells [@bib83], although it is likely that endothelial cell death contributed in part to the decline in ET-1 levels. Thus, doxorubicin therapy could diminish endothelium-mediated ET-1 signaling, decreasing the survival of cardiomyocytes during inflammation.

Nitric oxide {#sec3.4}
------------

Coronary microvessel-derived NO also modulates the contractility of cardiomyocytes. NO is produced from L-arginine in endothelial cells via the catalytic activity of the enzyme NOS [@bib84]. Once synthesized, NO diffuses across lipid membranes to arrive at the target cells [@bib35] and activate soluble guanylate cyclases, which produce cyclic guanosine monophosphate [@bib84]. Elevated levels of cyclic guanosine monophosphate have been associated with earlier relaxation of cardiomyocytes and increased ventricular compliance [@bib85]. Endothelial-derived NO could also increase mechanical efficiency through inhibition of some components of the electron transport chain [@bib85]. Although exposure of cultured bovine aortic endothelial cells to doxorubicin up-regulated the expression of endothelial NOS, reportedly because of elevated levels of intracellular calcium and hydrogen peroxide [@bib86], direct binding of doxorubicin to NOS has been predicted to inhibit NO production and release [@bib40]. Doxorubicin binding to NOS also redirects the electron flow away from the NO-generating oxygenase domain and toward the reductase domain, which reduces doxorubicin and increases reactivity [@bib40]. Increased ROS produced by the reduced form of doxorubicin could further decrease NO availability [@bib40], [@bib87]. In addition, endothelial cell--derived ET-1 increases NO synthesis through the ET-B receptor--mediated autocrine loop [@bib88]. Thus, endothelial cell NO release can be further diminished as a result of the doxorubicin-mediated decrease in endothelial cell ET-1 production. Finally, a decrease in NO levels was observed in cultured human umbilical vein endothelial cells and cardiac tissues of mice after doxorubicin exposure [@bib89], [@bib90], and restoration of cardiac NO levels with folic acid preserved cardiac function in doxorubicin-treated mice [@bib90]. Therefore, strategies to bolster NO signaling in cardiomyocytes are expected to decrease doxorubicin-induced cardiotoxicity.

NO and ET-1 are also vasoactive molecules and critical regulators of blood pressure and flow to cardiomyocytes [@bib91]. Reductions in endothelial NO could account in part for the increased vascular stiffness observed in patients treated with doxorubicin [@bib92]. Notably, angiotensin-converting enzyme inhibitors decreased vascular stiffness and improved LV ejection fraction in patients who had undergone doxorubicin therapy [@bib32], [@bib93]. Thus, changes in hemodynamics during doxorubicin therapy could stress cardiac myocytes and contribute to the progression of cardiomyopathy.

Prostaglandin I~2~ {#sec3.5}
------------------

PGI~2~ is a physiologically active lipid compound that has also been demonstrated to regulate cardiomyocyte morphology and survival [@bib94]. PGI~2~ is synthesized from arachidonic acid via the sequential enzymatic activity of cyclooxygenase and prostacyclin synthase [@bib94]. Treatment with the PGI~2~ mimetic cicaprost reduced ET-1--induced hypertrophy in cultured adult rat cardiomyocytes [@bib95]. The reduction was postulated to have occurred through binding and activation of the IP prostanoid receptor and the subsequent cyclic adenosine monophosphate--dependent signaling in cardiomyocytes [@bib95]. Using cultured adult rat cardiomyocytes, Shinmura et al. [@bib96] showed that the PGI~2~ analogue carbaprostacyclin bound to EP~3~ receptors, which opened mitochondrial adenosine triphosphate--sensitive potassium channels. They proposed that the opening of these channels protected the cardiomyocytes from oxidative stress [@bib96]. However, high intracellular concentrations of ROS from doxorubicin metabolism can inhibit the cyclooxygenase step of PGI~2~ synthesis in cultured endothelial cells [@bib38], [@bib97]. Endothelial cell apoptosis will likely also reduce the amount of endothelium-derived PGI~2~ available to cardiac myocytes. Administration of iloprost, a synthetic analogue of PGI~2~, in mice decreased cardiac dysfunction through the attenuation of cardiomyocyte apoptosis without compromising the anticancer efficacy of doxorubicin [@bib98]. Thus, strategies to bolster the cardioprotective effects of endothelial cell--derived PGI~2~ are warranted for prevention of doxorubicin-induced toxicity.

Neuregulin-1 {#sec3.6}
------------

Finally, coronary endothelial cell--derived NRG-1 is a growth factor [@bib35] that also regulates the size, structure, and survival of cardiomyocytes. NRG-1 binds to the tyrosine kinase receptor erythroblastic leukemia viral oncogene homolog 4 on the cellular membranes of the myocytes. This activates the extracellular signal--regulated kinase 1/2 (ERK1/2) and phosphoinositide 3-kinase (PI3K)/AKT signaling pathways [@bib35], [@bib99], both of which can be involved in enhancing cardiomyocyte hypertrophy [@bib100]. The ERK1/2 network could modulate myocyte structure, and the PI3K/AKT pathway can promote myocyte survival [@bib35]. NRG-1 levels are profoundly reduced in individuals using anthracycline or human epidermal growth factor receptor 2--targeted therapy for breast cancer [@bib101]. Because the cardiac microvascular endothelium is a prominent source of NRG-1, a decrease in circulating NRG-1 levels suggests reduced endothelial cell release of the protein [@bib102]. How doxorubicin controls the levels of endothelial cell--derived NRG-1 is not well understood, but endothelial cell apoptosis is a likely causal factor. Recombinant human NRG-1 improved cardiac function and survival rates, although whether this was through attenuation of cardiomyocyte death after doxorubicin treatment remains unknown [@bib103]. Thus, reversing doxorubicin-induced NRG-1 deficiency is postulated to restore morphology and promote the survival of cardiomyocytes after doxorubicin therapy.

Collectively, direct activities of ET-1, NO, PGI~2~, and NRG-1 on cardiomyocytes suggest paracrine molecules from the coronary endothelium play an important role in cardiomyocyte homeostasis, from survival to contractile function. Thus, doxorubicin-mediated decrease of endothelial cell--derived factors decreases the adaptability and survivability of cardiomyocytes.

Bringing Endothelium Protection From the Bench to the Bedside {#sec4}
=============================================================

The endothelium plays a critical role in the development and progression of doxorubicin-induced cardiomyopathy. As such, it is important that during doxorubicin therapy, appropriate measures are taken to protect the endothelium while ensuring that the efficacy of doxorubicin is maximized. A comprehensive understanding of the mechanisms of action underlying the detrimental doxorubicin effects on endothelial cells is essential to optimally preserve endothelium-mediated support of cardiomyocytes. Doxorubicin-induced endothelial cell death and dysregulation are complex and involve multiple networks that might or might not act in concert. Current published data suggests ROS generation has a central role in doxorubicin-induced endothelium dysfunction; however, which pathways are affected and how these molecular mechanisms challenge endothelial cell--mediated cardiomyocyte support functions remain unknown. Uncovering this information will be critical for the identification and design of novel therapeutic targets to prevent doxorubicin-induced endothelium damage, maximizing endothelial cell--mediated protection of cardiomyocytes during doxorubicin treatment.

In summary, despite being a versatile and effective anticancer drug, doxorubicin can cause cardiomyopathy, which can evolve into heart failure. Cumulative evidence supports the notion that the detrimental cardiac effects observed with doxorubicin might in part be mediated through the deleterious effects doxorubicin exerts on endothelial cells. Doxorubicin increases the permeability of the endothelium, thus prolonging the duration that cardiomyocytes are exposed to doxorubicin and allowing for more direct damage to the myocytes. ROS is a major effector molecule of doxorubicin. It disrupts endothelium-based cardiac myocyte supportive functions and promotes pathological release of endothelial cell--derived ET-1, PGI~2~, NO, and NRG-1. The biochemical imbalance reduces the survivability and adaptability of cardiac myocytes. We propose that investigations designed to better understand the mechanisms of doxorubicin-induced endothelial cell damage are urgently required to provide insights for the identification of novel treatment targets and development of innovative strategies to circumvent or reduce doxorubicin-associated cardiomyopathy.
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